We propose an effective strategy to engineer a unique kind of porous carbon cuboid with tightly anchored cobalt/cobalt oxide nanoparticles (PCC-CoO x ) that exhibit outstanding electrochemical performance for many key aspects of lithium-ion battery electrodes. The host carbon cuboid features an ultra-polar surface reflected by its high hydrophilicity and rich surface defects due to high heteroatom doping (N-/O-doping both higher than 10 atom%) as well as hierarchical pore systems. We loaded the porous carbon cuboid with cobalt/cobalt oxide nanoparticles through an impregnation process followed by calcination treatment. The resulting PCC-CoO x anode exhibits superior rate capability (195 mA h g À1 at 20 A g
Introduction
Rechargeable lithium-ion batteries (LIBs) with high energy density and long cycle life are highly required for future society due to their potential advantages in a variety of applications ranging from portable electronics, hybrid electric vehicles, to renewable energy systems.
1,2 Hence, substantial research efforts have been devoted to exploring novel materials with unique properties for energy storage. [3] [4] [5] [6] [7] [8] [9] [10] [11] For example, anode electrodes made of metal oxide nanostructures deliver capacities more than three times higher than those of conventional graphite materials (372 mA h g À1 ). 1, 4, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] Among the available alternative transition-metal oxides, cobalt oxide (CoO) has attracted enormous interest due to its intrinsic virtues such as relatively low environmental footprint, low cost, and high theoretical specic capacity (716 mA h g À1 ). 16, 22 Lithium storage within CoO is mainly achieved through reversible conversion reactions between lithium ions and CoO, forming metallic Co nanocrystals dispersed in a Li 2 O matrix. 16 Despite these intriguing features, the main obstacles are a large potential difference between discharge and charge, as well as an intrinsically induced drastic volume change, which result in pulverization and cause the loss of electrical contacts between the active material and current collector. Consequently, poor capacity retention and inferior rate capability of CoO electrodes are observed during discharge/charge cycles. 22 Hence, tremendous efforts have been taken to design CoO materials that can alleviate the adverse mechanical effects and enhance the overall lithium storage performance. Of these, one way is to downsize active materials to the nanoscale, including nanosized particles, wires, disks, and nanomembranes. [23] [24] [25] [26] These unique nanostructures can afford short lithium ion diffusion lengths and facilitate volume-strain relaxation, thereby improving the cell performance. Alternatively, another effective approach is to combine the advantages of CoO and porous carbon materials by incorporating active CoO nanoparticles into carbon pores or immobilizing them onto carbon surfaces. Conductive carbon hosts include activated carbon, carbon nanotubes, carbon bers, graphene, etc. 22, [27] [28] [29] [30] In several previous reports, the use of carbon matrices as a structural buffer and electroactive material in CoO/carbon hybrids has shown increased capacity from several dozens to even hundreds of cycles. 1, 22, [28] [29] [30] [31] Although signicant progress has been achieved by these approaches, further improvement of CoO-based electrodes in both rate capability and cycling stability is still sought aer.
To achieve a truly durable high-rate and long-life anode, we here propose an effective strategy to engineer a unique kind of porous carbon cuboid with tightly anchored Co/CoO nanoparticles (denoted as PCC-CoO x ). Our host carbon cuboid features an ultra-polar surface reected by its high hydrophilicity and rich surface defects due to high heteroatom doping (N-/O-doping both higher than 10 atom%) as well as hierarchical pore systems. On the one hand, the structural heterogeneity greatly supports the loading of Co/CoO nanoparticles in a uniform and highly disperse manner; on the other hand, the cuboids efficiently conne the Co/CoO nanoparticles in carbon pores due to the rich N-/O-decorated pore surface. The hierarchical pore voids not only buffer the volume changes but also enhance the transport kinetics of reaction intermediates during discharge and charge. In addition, recent studies have also shown that the incorporation of nitrogen heteroatoms and/or non-noble metals (Ni and Co) into nanostructured materials greatly improves the lithium storage performance. [32] [33] [34] [35] [36] [37] Therefore, by the combination of the hierarchical and well-dened morphology, the tightly anchored Co/CoO nanoparticles and their synergistic effects of metallic Co and CoO, and the introduction of high-level nitrogen doping ($12.4 wt%), the PCCCoO x cuboid possesses superior lithium storage properties. Specically, the PCC-CoO x anode delivers a good rate capability of 195 mA h g À1 at a high current density of 20 A g À1 . A reversible capacity as high as 580 mA h g À1 can be achieved aer 2000 cycles at 1 A g À1 with only 0.0067% capacity loss per cycle.
Remarkably, even aer an ultra-long cycle life exceeding 10 000 cycles at a high current density of 5 A g
À1
, the capacity can recover to 1050 mA h g À1 when the current density is back to 0.1 A g À1 . To our knowledge, such an excellent cycling stability over tens of thousands of cycles at a high discharge/charge rate is the best performance for lithium storage in cobalt oxide-based electrodes reported so far.
Experimental section

Materials preparation
For porous carbon cuboids (PCCs). Typically, 4,4 0 -bipyridine (3.124 g, 20 mmol) was dissolved in a solution composed of water (600 mL) and ethanol (40 mL For porous carbon cuboids with tightly anchored Co/CoO nanoparticles (PCC-CoO x ). Additional Co-species were further introduced into PCC samples through the incipient impregnation method (cobalt nitrate). Aer that, the PCC-Co salt composites were heated under an Ar atmosphere with a heating rate of 1.0 C min À1 up to 400 C, then maintained at this temperature for 6.0 h in a H 2 atmosphere, and cooled down to room temperature under an Ar atmosphere aerwards. Finally, the black products were collected for further characterization. For comparison, the PCC-CoO samples without metallic Co were also prepared using only an Ar atmosphere under the same conditions.
Materials characterization
The as-prepared samples were characterized by X-ray diffraction (XRD) using a Philips PW 1050 diffractometer (Co Ka radiation, l ¼ 1.7889Å) and Raman spectroscopy using a Renishaw inVia Raman microscope with laser excitation at 442 nm. The X-ray photoelectron spectroscopy (XPS) measurements were further carried out using an AXIS-NOVA spectrometer equipped with an Al Ka monochromatic source. Nitrogen sorption isotherms were measured at 77 K with a Quadrasorb analyzer, and surface areas were calculated based on the Brunauer-Emmett-Teller (BET) theory. Water physisorption measurements were carried out at 298 K on a Quantachrome Hydrosorb 1000. The morphologies of the samples were examined by using a scanning electron microscope (SEM, Leo Gemini 1530, Oberkochen, Germany) with an energy dispersive X-ray spectrometer (Bruker XFlash Detector 4010), and a transmission electron microscope (TEM; JEM-2100, JEOL).
Electrochemical measurements
Electrochemical tests were performed at ambient temperature using Swagelok-type cells with lithium serving as both the counter electrode and the reference electrode. The working electrodes were prepared by mixing the active material, carbon black, and Na-alginate in a weight ratio of 80 : 10 : 10. The resultant slurry was uniformly pasted onto copper foil, and then dried in a vacuum oven at 105 C for 12.0 h. These cells were assembled in an argon-lled glovebox (MBraun, Germany), in which both moisture and oxygen levels were kept below 0.1 ppm. The electrolyte was a 1.0 M LiPF 6 solution in a mixture of ethylene carbonate (EC), diethyl carbonate (DEC) and dimethyl carbonate (DMC) (1 : 1 : 1 by weight, BASF). Glass bers (GF/D) from Whatman were used as the separators. Discharge/charge experiments were all carried out galvanostatically at diverse current densities in the voltage range of 0.01-3.0 V by using an Arbin BT2000 system. The loading amount of active materials for all electrodes was 1.0 AE 0.1 mg cm À2 .
Specic capacity values were calculated based on the mass of the whole composites. The cyclic voltammetry tests were carried out between 0.01 and 3.0 V at various sweep rates using a Zahner-elektrik IM6 instrument (Germany). Electrochemical impedance spectroscopy measurements were conducted in the frequency range of 100 kHz to 10 mHz at a xed perturbation voltage of 5 mV. The half-cell was disassembled aer 500 cycles at a current density of 0.5 A g À1 and the cycled electrode was subsequently rinsed with propylene carbonate in the glovebox, which was examined under SEM and TEM to evaluate the structural integrity.
Results and discussion
As described in the Experimental section, the host porous carbon cuboids featured with an ultra-hydrophilic surface and rich defects were generated through controlled carbonization of a new series of bipyridine-coordinated polymers. Aerwards, Co nanoparticles were further functionalized through wetness impregnation, nally obtaining the PCC-CoO x composite. Their morphological structures were examined by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Typical SEM (Fig. 1a and b ) and TEM images ( Fig. S1a and b †) of PCC reveal that the uniform and hierarchical carbon cuboids are randomly aggregated and overlapped with each other, with a rough surface and rich macropores. In addition, the high-resolution TEM image (Fig. S1c †) further reveals that the PCC is composed of randomly aggregated stacked-graphene sheets having a lot of defects, curvatures and edges. From the X-ray photoelectron spectroscopy (XPS) results (Fig. S1d-f †), it is clear that a considerable number of nitrogen-and oxygen-containing functional groups are bound to the carbon surface.
Beneting from such characteristics, the PCC sample shows superior hydrophilic properties with a high water capacity of up to 6.7 mmol g À1 at a relative humidity of 20% and 25 C (see Fig. S2 †) , which is also conrmed by its ultra-fast wetting capability (Fig. 1a, inset) . Thus, such a unique surface ensures that the PCC material has the ability to absorb Co 2+ ions and further promote the homogeneous distribution of Co precursors during the wetness impregnation process. This nding is consistent with a previous study. 38 SEM examination (Fig. 1c) shows that the PCC-CoO x sample aer Co/CoO loading well maintains the hierarchical cuboid structure, demonstrating excellent structural stability. The corresponding energy dispersive X-ray spectroscopy elemental mapping results (Fig. 1d , Table S1 †) verify the uniform distribution of all the elements (C, Co, O, and N) and high content of nitrogen ($12.4 wt%) in the PCC-CoO x composite. The high-resolution TEM image ( Fig. 1e  and f) indicates that the formed nanoparticles with a size of around $6 nm are spatially well dispersed in the carbon matrix. The lattice fringes of $2.14 and $2.02Å are ascribed to the (200) plane of CoO and the (111) plane of metallic Co, respectively. Besides, the presence of oriented multilayer domains and several graphene layers with an adjacent interlayer distance of $4.4Å can also be recognized. It is evident that the CoO and Co nanoparticles are well incorporated into the N-doped carbon architecture and surrounded by a few graphene multilayers, which is benecial for mechanical reinforcement and enhancement of the electrical conductivity of the composite.
The porous characteristic of the PCC-CoO x sample was further probed by N 2 physisorption (Fig. S3 †) . Aer loading Co/ CoO nanoparticles, the PCC-CoO x sample exhibits a high specic surface area of ca. 381 m 2 g À1 based on BrunauerEmmett-Teller theory. The abrupt adsorption uptake in the high relative pressure region (P/P 0 > 0.9) is ascribed to the presence of macropores, which is consistent with the SEM results. The pore size distribution determined by non-local density functional theory (NLDFT) based on adsorption branch corroborates the existence of small mesopores (2-6 nm) and a high density of micropores (1-2 nm). It is further found that the Co species are dispersed homogenously all over the structure, rather than blocking the entire pore. This promotes mass transfer during the reaction on the one hand, and ensures the effective penetration of the electrolyte inside the electrode on the other hand. The X-ray diffraction (XRD) patterns of the PCC and PCCCoO x composite are presented in Fig. 2a . Two broad diffraction peaks at around 29.3 and 50.8 are observed on the PCC sample, which correspond to the amorphous carbon [39] [40] [41] In the spectrum of the PCC-CoO x sample, four peaks are also observed at $673, $609, $516, and $473 cm À1 , matching with A 1g , F 2g , F 2g , and E g modes of CoO. 42 The peak area ratio between the D and G bands (I D /I G ) is $1.11, which is higher than that of the amorphous PCC ($0.95), suggesting that more structural disorder is introduced into the composite during the impregnation process and thermal treatment.
The XPS survey spectrum of the PCC-CoO x sample is given in Fig. S4a, † showing C, Co, O, and N peaks clearly. From the highresolution C 1s peak in Fig. 2c , it can be derived that apart from most of the C-C sp 2 To evaluate the electrochemical performance of the obtained PCC-CoO x cuboid, two-electrode Swagelok-type half-cells were assembled with a lithium foil as the counter/reference electrode. Fig. 3a displays cyclic voltammetry (CV) proles of the initial ve cycles of the PCC-CoO x electrode at a scan rate of 0.2 mV s À1 over the voltage range from 0.01 to 3.0 V. Two reduction peaks appear at approximately $0.64 and $0.92 V in the rst cathodic process, which correspond well to the initial reduction of CoO to Co and preliminary decomposition of the electrolyte to form a partially reversible solid electrolyte interphase (SEI). 15, 35 In the subsequent processes, these two peaks become weaker and shi to higher potential (one at $0.88 V and the other at $1.28 V) due to the drastic lithium driven, structural or textural modications. 16, 46 There are two broad oxidation peaks in the following anodic processes. The one at $2.11 V is due to the reversible oxidation of Co to CoO, while the other one at $1.32 V is attributed to the partial decomposition of SEI components such as LiF, Li 2 CO 3 , and RCO 2 Li.
47,48 These two redox reactions of lithium ions with the electrode are highly reversible. Thus, it is worthwhile to mention that the contribution from partial decomposition of SEI components to the total charge is considerable. It is believed to be a result of the presence of metallic Co acting as an efficient catalyst to activate new electrochemical decomposition of the electrolyte. 32, 35 The sloped prole at <0.4 V is also noted in repeated cathodic processes, conrming reversible Li uptake/release of the amorphous carbon. When the scanning rates are increased, both cathodic and anodic peaks become broader but still remain reversible (Fig. S5, see ESI † ). This is a good indication that, besides the above-mentioned faradaic processes, capacitive processes become more relevant at higher sweep rates.
34
Considering the structural features, we can speculate that the N-/O-decorated active sites at the edge of the graphene layers and the hierarchical architecture play pivotal roles in capacitive processes.
36,44
Fig. 3b displays galvanostatic discharge/charge voltage proles at a current density of 0.1 A g À1 for the rst ve cycles. The voltage proles present sloping lines during both discharge and charge processes, in accordance with the broad peaks observed in CV curves. The rst discharge and charge capacities calculated based on the total weight of the composite are approximately 1228 and 941 mA h g
À1
, respectively, with an initial coulombic efficiency of 76.6%. The irreversible capacity is assigned to the interfacial reactions between the electrode and the electrolyte, which could be improved by prelithiation in future studies. From the 2nd to the 5th cycle, there is no clear change in these curves, suggesting that the electrode is stable with reversible reactions during the following discharge/charge cycles.
Both PCC-CoO without metallic Co incorporation and pure PCC anodes were also tested for comparison. As depicted in Fig. 4a , the PCC-CoO x electrode exhibits higher capacity and better cycling stability than the PCC-CoO and PCC electrodes under the same testing conditions. For the PCC-CoO x composite, the capacity just slightly decreases in the initial few cycles and then steadily increases back, preserving a high-level of capacity. Aer 500 discharge/charge cycles at a current density of 0.5 A g À1 , the PCC-CoO x electrode still exhibits a high capacity of 618 mA h g À1 , which is much higher than the theoretical capacity of graphite. In contrast, PCC-CoO and PCC electrodes only show low specic capacities of 452 and 312 mA h g À1 , respectively. Clear capacity fading is observed in the PCCCoO and the PCC, compared to the PCC-CoO x . Moreover, the PCC-CoO x anode exhibits excellent rate performance. As shown in Fig. 4b , the charge capacities of the PCC-CoO x electrode are 791, 694, 567, 475, 375, and 300 mA h g À1 at 0.2, 0.5, 1, 2, 5, and 10 A g À1 , respectively. Even at an extremely high current density of 20 A g À1 , a favourable capacity of 195 mA h g À1 is still maintained, which is 52.4% of the theoretical capacity of graphite. Importantly, aer decreasing the current density back to 0.2 A g À1 , the capacity recovers rapidly to 833 mA h g
. The results suggest that the PCC-CoO x composite remains exceedingly stable even under high rate cycling. In contrast, both the PCC-CoO anode without the metallic Co phase and the PCC anode show inferior rate capability and lower reversible capacity. Therefore, it is obvious that the enhanced lithium storage performance has a close relationship with the addition of metallic Co nanoparticles. On the one hand, the highly conductive metallic Co nanoparticles attached tightly to the CoO nanoparticles increase the electrical conductivity of the composite. On the other hand, they function as effective catalysts to promote the reversible conversion of some SEI components, leading to a novel lithium storage mechanism and good rate capability. 32, 34, 35 However, further in-depth investigations are needed in future studies.
To further conrm the high durability of the PCC-CoO x composite, galvanostatic discharge/charge measurements were carried out at high current densities. Fig. 5a illustrates the longcycling performance up to the 2000th cycle at 1 and 2 A g À1 (see Fig. S6a and b † for the individual discharge/charge curves).
Compared to the cycling performance at 0.5 A g À1 (Fig. 4a) , the PCC-CoO x anode experiences a more pronounced decrease in the capacity at the initial stage due to enhanced pulverization of the active material at high current densities. It can be seen that the charge capacity at 1 A g À1 still retains 580 mA h g À1 aer 2000 cycles, which corresponds to 86.6% retention of the initial capacity. Furthermore, the coulombic efficiency is maintained at more than 99.7% aer the initial few cycles, which agrees well with the durable cycling performance. Similarly, the cycling capability at 2 A g À1 is also excellent with a charge capacity of 442 mA h g À1 aer 2000 cycles.
As a highlight, Fig. 5b displays an impressive cycling stability over 10 000 cycles at 5 A g À1 with a capacity decay as low as $0.4% per cycle. Moreover, as shown in Fig. 5c , aer the studies on ultralong-term cycling performance, the capacity is able to recover to 1050 mA h g À1 when the current density nally returns to 0.1 A g À1 . A complete comparison of electrochemical properties of the cobalt oxide/carbon composites and other materials, summarized in Table S2 , † demonstrates that the PCC-CoO x anode possesses excellent cycling stability over tens of thousands of cycles, much superior to those of metal oxidebased electrodes reported in the literature, although the mass specic capacities are lower than those of some other binderfree self-supported electrodes. 4, 6, 12, 15, [22] [23] [24] [25] [27] [28] [29] Furthermore, in order to gure out the possible effects of the PCC-CoO x structure, the electrode was characterized aer 500 cycles at 0.5 A g À1 . Fig. 6a compares the electrochemical impedance spectroscopy results recorded before and aer cycling. Based on the tting analysis results, the charge transfer resistance (R ct ) of the cycled electrode is estimated to be $57 U, which is much less than the value ($190 U) of the fresh cell. This has been commonly observed for other metal oxide LIB electrodes, and herein could be due to the reduction of CoO into Co by the irreversible reactions. This behaviour is favourable for the enhancement of the electron kinetics in the electrode, which agrees well with the electrochemical results. More importantly, as illustrated in Fig. 6b -e, the morphology aer 500 cycles of repeated lithiation/delithiation cycles has involved negligible changes when compared to that of the starting material, conrming the attractive structural stability of the electrode. These post-mortem studies prove the advantages of the well-designed PCC-CoO x composite, which are benecial for achieving high rate performance.
The above results clearly conrm that the PCC-CoO x anode has excellent cycling stability and superior rate capability, which can be attributed to the following characteristics. (i) The well-dened hierarchical porous structures of the CoO x incorporated carbon cuboids can effectively facilitate the penetration of an electrolyte inside the electrode, as well as alleviate stress and accommodate large volume changes during repeated lithiation/delithiation processes, thus improving the structural stability and cyclability of the electrode material. As illustrated in ESI, Fig. S7 , † the electrolyte droplet can be well adsorbed in 7 s with a nal contact angle of ca. 0, conrming the effective penetration of the electrolyte inside the PCC-CoO x material. (ii) The highly conductive metallic Co nanoparticles not only increase the electrical conductivity of the composite, but also function as effective catalysts to activate the reversible conversion of some SEI components, leading to outstanding lithium storage with high rate capability. (iii) N-containing porous carbon with many defects and short graphene multilayers promotes electrical conductivity and electrochemical reactivity, which additionally contributes to the exceptional performance.
Conclusions
In summary, we have presented a model anode for LIBs based on a high-defect hydrophilic porous carbon cuboid with tightly anchored Co/CoO nanoparticles. The PCC-CoO x electrode exhibits high capacity, superior rate capability, and excellent cycling stability over 10 000 cycles. As far as we know, this is the longest cycle life ever reported for cobalt oxide-based LIB anodes. This study provides a new perspective to engineer highperformance electrodes for LIBs through controlling the surface chemistry of carbon host materials. We believe that the ndings in this work may advance the development of long-life, highpower rechargeable LIBs for energy storage applications. View Article Online
